Jia Z, Wang H, Yang T. Mice lacking mPGES-1 are resistant to lithium-induced polyuria. Am J Physiol Renal Physiol 297: F1689-F1696, 2009. First published August 19, 2009 doi:10.1152/ajprenal.00117.2009.-Cyclooxygenase-2 activity is required for the development of lithiuminduced polyuria. However, the involvement of a specific, terminal prostaglandin (PG) isomerase has not been evaluated. The present study was undertaken to assess lithium-induced polyuria in mice deficient in microsomal prostaglandin E synthase-1 (mPGES-1). A 2-wk administration of LiCl (4 mmol ⅐ kg Ϫ1 ⅐ day Ϫ1 ip) in mPGES-1 ϩ/ϩ mice led to a marked polyuria with hyposmotic urine. This was associated with elevated renal mPGES-1 protein expression and increased urine PGE2 excretion. In contrast, mPGES-1 Ϫ/Ϫ mice were largely resistant to lithium-induced polyuria and a urine concentrating defect, accompanied by nearly complete blockade of high urine PGE2 and cAMP output. Immunoblotting, immunohistochemistry, and quantitative (q) RT-PCR consistently detected a significant decrease in aquaporin-2 (AQP2) protein expression in both the renal cortex and medulla of lithium-treated ϩ/ϩ mice. This decrease was significantly attenuated in the Ϫ/Ϫ mice. qRT-PCR detected similar patterns of changes in AQP2 mRNA in the medulla but not in the cortex. Similarly, the total protein abundance of the Na-K-2Cl cotransporter (NKCC2) in the medulla but not in the cortex of the ϩ/ϩ mice was significantly reduced by lithium treatment. In contrast, the dowregulation of renal medullary NKCC2 expression was significantly attenuated in the Ϫ/Ϫ mice. We conclude that mPGES-1-derived PGE2 mediates lithium-induced polyuria likely via inhibition of AQP2 and NKCC2 expression.
PGE 2 may indirectly regulate water excretion by a reduction of the corticomedullary osmotic gradient via inhibition of solute transport in the thick ascending limbs (TAL) (53) or by increase in renal medullary blood flow. Urine PGE 2 excretion is elevated following lithium treatment (24, 37, 47) . In clinical practice, inhibition of PG synthesis with nonsteroidal antiinflammatory drugs (NSAIDs) remains an effective therapy for lithium-induced polyuria (3, 29, 33) .
Prostaglandin E 2 synthase (PGES) terminally converts cyclooxygenase (COX)-derived PGH 2 into PGE 2 . Three PGES have been cloned and are referred to as microsomal PGES (mPGES-1), mPGES-2, and cytosolic PGES (cPGES) (34) . Among these isoforms, mPGES-1 has emerged as a novel PGES critically involved in pain and the inflammatory response as well as in physiological processes, including regulation of renal salt and water excretion (20, 21, 51, 52, 60) . In addition, the PGE 2 synthase activity of mPGES-2 and cPGES cannot be confirmed by gene knockout (KO) studies (17, 31, 36) . The goal of the present study was to investigate the role of mPGES-1 in lithium-induced NDI.
METHODS
Animals. mPGES-1 null mice were originally generated by Trebino et al. (57) . This mouse colony was propagated at the University of Utah and maintained on a mixed DBA/1lacJ*C57BL/6/129/SV background. All protocols employing mice were conducted in accordance with the principles and guidance of the University of Utah Institutional Animal Care and Use Committee.
Lithium treatment. Lithium treatment was performed as previously described (47) . Briefly, male 3-to 4-mo-old mPGES-1 ϩ/ϩ and Ϫ/Ϫ mice were administered vehicle (equivalent amount of saline) or LiCl (4 mmol ⅐ kg Ϫ1 ⅐ day Ϫ1 ip) daily for 14 days. On days 0, 7, and 14, mice were placed in metabolic cages (Hatteras Instruments) for determination of 24-h urine output and water intake. All animals were fed a normal-sodium diet with free access to tap water. At the end of the experiment, the kidneys were harvested and blood samples were collected. One kidney was dissected into the cortex and the medulla (containing inner medulla and inner stripe of outer medulla), and half of the tissues were snap-frozen in liquid nitrogen and the other half stored in RNAlater; another kidney was fixed in 4% paraformaldehyde and embedded in paraffin. Urine and plasma osmolality was measured by using an osmometer (Osmett II, Precision Systems, Natick, MA).
Enzyme immunoassay. Urine samples were centrifuged for 5 min at 10,000 rpm and diluted 1:1 with enzyme immunoassay buffer. Concentrations of urinary PGE 2 and cAMP were determined by enzyme immunoassay (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's the instructions.
Immunoblotting. The frozen kidney tissues were homogenized by a polytron in PBS containing 1% Triton X-100, 250 M phenylmethanesulfonyl fluoride (PMSF), 2 mM EDTA, and 5 mM DTT (pH 7.5). Protein concentrations were determined by Coomassie reagent. Forty micrograms of protein were denatured in boiling water for 10 min, separated by SDS-PAGE gel, and transferred onto nitrocellulose membranes. The blots were blocked overnight with 5% nonfat dry milk in Tris-buffered saline (TBS), followed by incubation for 1 h with rabbit anti-mPGES-1 antibody (catalog no. 160140, Cayman Chemical) or anti-AQP2 antibody (42) (gift from Dr. Mark A. Knepper, National Heart, Lung, and Blood Institute). After washing with TBS, blots were incubated with a goat anti-horseradish peroxidaseconjugated secondary antibody and visualized using enhanced chemiluminescence methods. The immunoreactive bands were quantified using the Gel and Graph Digitizing System (Silk Scientific, Orem, UT).
Immunohistochemistry. Kidney sections (4-m thickness) were incubated in 3% H 2O2 for 10 min at room temperature to block endogenous peroxidase activity. The slides were boiled in antigen retrieval solution (1 mmol/l Tris ⅐ HCl, 0.1 mmol/l EDTA, pH 8.0) for 15 min at high power in a microwave oven. The sections were incubated overnight at 4°C with an anti-AQP2 antibody at appropriate dilutions (41) . After washing with PBS, the secondary antibody was applied and the signals were visualized using an ABC kit (Santa Cruz Biotechnology).
Quantitative RT-PCR. The kidney tissues stored in RNAlater were subjected to total RNA isolation using TRIzol. One microgram of total RNA was denatured at 65°C for 5 min, and cDNA synthesis was then performed at 42°C for 1 h using Superscript reverse transcriptase (BRL, Gaithersburg, MD). Oligonucleotides were designed using Primer3 software (available at http://frodo.wi.mit.edu/primer3/). The sequences of the oligonucleotide primers in the public sequence are as follows: AQP2, 5Ј-GGACCTGGCTGTCAATGCT-3Ј (sense) and 5Ј-ATCGGTGGAG-GCAAAGATG-3Ј (antisense) (GenBank accession no. NM_009699); and ␤-actin, 5Ј-GCTCTGGCTCCTAGCACCAT-3Ј (sense) and 5Ј-GCCAC-CGATCCACACAGAGT-3Ј (antisense; GenBank accession no. NM_007393). Quantitative (q) PCR amplification was performed using the SYBR Green Master Mix (Applied Biosystems) and the Prism 7500 Real-Time PCR Detection System (Applied Biosystems). Cycling conditions were 95°C for 10 min, followed by 40 repeats at 95°C for 15 s and 60°C for 1 min. Relative amounts of mRNA, normalized by ␤-actin, were calculated from threshold cycle numbers (C T; i.e., 2
Ϫ␦␦CT
) and expressed as a value relative to the vehicle group (44) .
Statistical analysis. All of the values are presented as means Ϯ SE. Repeated-measures ANOVA was used to analyze data from the time course studies with an unpaired Student's t-test to identify differences at a single time point. For the end point studies, statistical analysis was performed by using one-way ANOVA followed by a Bonferroni posttest. Differences were considered to be significant when the P value was Ͻ0.05. (Fig. 2B ). We also examined the AVP-induced urine concentrating ability between the genotypes. In response to chronic infusion of 1-desamino-8-D-arginine vasopressin (dDAVP; a synthetic analog of vasopressin) at 0.25 ng ⅐kg Ϫ1 ⅐day Ϫ1 via osmotic minipumps, urine osmolality significantly increased in ϩ/ϩ mice on day 1 and remained slightly elevated on day 3 (day 0: 1,936 Ϯ 65; day 1: 2,311 Ϯ 156, P Ͻ 0.05; day 3: 2,180 Ϯ 64 mosmol/kgH 2 O, n ϭ 6 -8). A similar pattern of changes in urine osmolality was observed in dDAVP-treated mPGES-1 Ϫ/Ϫ mice (day 0: 2,040 Ϯ 158; day 1: 2,319 Ϯ 122, P Ͻ 0.05; day 3: 2,066 Ϯ 62 mosmol/kgH 2 O, n ϭ 6 -8). In response to dDAVP infusion, a small decrease in urine volume was noticed in both genotypes on day 1, but this decrease did not reach statistical significance irrespective of genotype (data not shown).
RESULTS

Effect of mPGES
Effect of mPGES-1 deletion on lithium-induced downregulation of renal transporters. The downregulation of renal AQP2 expression plays a pivotal role in mediating lithiuminduced polyuria. Moreover, the suppressed AQP2 expression may be attributable to elevated renal PG synthesis. Therefore, we performed a comprehensive analysis of renal AQP2 expression by immunoblotting, immunohistochemistry, and qRT-PCR. By immunoblotting, as expected, AQP2 protein was detected as multiple bands, consisting of the major band of 29 kDa and the glycosylated bands of 35-50 kDa. The abundance of the 35-to 50-kDa bands in the cortex was reduced by 67% and the abundance of the 29-kDa bands by 18% in lithiumtreated ϩ/ϩ mice (Fig. 3) . In sharp contrast, none of these bands was significantly affected in lithium-treated mPGES-1 Ϫ/Ϫ mice (Fig. 3) . Similar results were also seen in the medulla. Consistent with the immunoblotting results, immunohistochemistry detected drastically reduced labeling of AQP2 in the CD of lithium-treated ϩ/ϩ mice. This reduction was also seen in mPGES-1 Ϫ/Ϫ mice but appeared to be less prominent compared with their ϩ/ϩ controls (Fig. 4) . Renal cortical AQP2 mRNA showed no changes in response to lithium treatment, irrespective of the genotype (Fig. 5A) . In contrast, renal medullary AQP2 expression exhibited a 40% reduction in lithium-treated ϩ/ϩ mice, but this reduction was less significant in lithium-treated mPGES-1 Ϫ/Ϫ mice (Fig.  5B) . Compared with lithium-treated ϩ/ϩ controls, renal medullary AQP2 mRNA was not significantly reduced in lithiumtreated mPGES-1 Ϫ/Ϫ mice (Fig. 5B) .
Besides AQP2, NKCC2 has also been implicated to play a role in lithium-induced NDI (24) . Further evidence indicates that during lithium-induced NDI, NKCC2 may be subjected to downregulation by COX-2-derived products in a similar way to AQP2. Therefore, we performed immunoblot analysis of NKCC2 expression in the kidneys of lithium-treated mPGES-1 ϩ/ϩ and Ϫ/Ϫ mice. Lithium treatment of mPGES-1 ϩ/ϩ mice led to a 35% reduction of NKCC2 selectively in the medulla but not in the cortex (Fig. 6) . In contrast, mPGES-1 Ϫ/Ϫ mice were resistant to lithium-induced reduction of renal medullary NKCC2 expression (Fig. 6) .
Elevated urinary cAMP excretion has been reported in lithium-induced NDI in rats despite unclear functional implications (55) . We examined urinary cAMP excretion in lithiumtreated mPGES-1 ϩ/ϩ and Ϫ/Ϫ mice. The ϩ/ϩ mice exhibited increased urinary cAMP excretion in response to lithium treatment that was not seen in the Ϫ/Ϫ mice (Fig. 7) .
Effect of lithium treatment on urinary PGE 2 excretion and renal mPGES-1 expression. Lithium treatment in ϩ/ϩ mice significantly elevated urinary PGE 2 excretion (day 0: 876 Ϯ 182; day 7: 3,947 Ϯ 832, P Ͻ 0.01; day 14: 3,035 Ϯ 448 pg/24 h, P Ͻ 0.01). mPGES-1 Ϫ/Ϫ mice had reduced baseline PGE 2 excretion that was totally unresponsive to lithium treatment (day 0: 500 Ϯ 41; day 7: 660 Ϯ 150, P Ͼ 0.05; day 14: 364 Ϯ 59 pg/24 h, P Ͼ 0.05) (Fig. 8) . On day 14, the animals were killed and the kidneys from ϩ/ϩ mice were subjected to immunoblotting for mPGES-1 expression. mPGES-1 protein abundance exhibited a 62% increase in the renal cortex and a 33% increase in the medulla in response to lithium treatment (Fig. 9) . DISCUSSION mPGES-1 is a recently characterized PGE synthase critically involved in pain and the inflammatory response and is therefore considered as a viable target for development of the next generation of analgesic drugs. However, the potential role of this enzyme in other physiological or pathological processes is poorly characterized. mPGES-1 is abundantly expressed in the kidney, with a substantially higher level in the renal medulla than in the renal cortex (49), a pattern similar to COX-1 and COX-2 (19) . Within the kidney, mPGES-1 expression is found in macula densa, distal convoluted tubule, collecting duct, and renal medullary interstitial cells, corresponding to the nephron distribution of PGE 2 synthesis. Our previous studies employing mPGES-1 KO have identified a physiological role of this enzyme in mediating the natriuretic and diuretic responses during salt and water loading (21) (51). Lithium-induced NDI is a well-described disorder characterized by polyuria, polydipsia, and a urine concentrating defect, accompanied by increased PGE 2 synthesis. The present study demonstrated that overactivation of renal mPGES-1 is the underlying pathogenesis of lithium-induced NDI. Clear-cut data showed that mPGES-1 KO mice were resistant to lithium-induced polyuria, accompanied by almost completely blockade of increased urinary PGE 2 excretion. In parallel with the improved urine concentrating ability, renal AQP2 expression was preserved in the lithium-treated mPGES-1 KO mice. Moreover, lithium treatment significantly elevated mPGES-1 protein expression in the kidney.
A rich literature has documented PGE 2 as an important regulator of both Na ϩ and water transport along the nephron (1, 5). In vitro microperfusion studies demonstrate that PGE 2 directly inhibits Na ϩ and Cl Ϫ transport in the TAL (53, 54) and Na ϩ transport and antagonizes the hydrosmotic action of AVP in the collecting duct (11) (12) (13) (14) 54) . PGE 2 may also indirectly regulate urinary Na ϩ and water excretion by regulating renal medullary blood flow (45) . Evidence exists to link increased PGE 2 synthesis and lithium-induced polyuria. A 7-day lithium treatment in rats induced a marked polyuria with significant excretion of urinary PGE 2 , which typically reflects renal synthesis (55) . Administration of indomethacin to the lithium-treated rats diminished urine volume by 80% and urinary PGE 2 by 85%, suggesting a requirement of COX activity in producing the renal effect of lithium. In vitro and in vivo studies showed that lithium stimulated renal COX-2 expression via suppressing glycogen synthase kinase-3 activity but that COX-1 expression was unaffected (46, 47) . The finding seems to favor a preferential involvement of COX-2, while administration of the COX-2 inhibitor SC58236 in lithium-treated wild-type mice only produced partial relief of polyuria and high urine PGE 2 output. Interestingly, administration of SC58236 in the background of COX-1 deficiency resulted in a nearly complete relief in these parameters, suggesting participation of both COX isoforms (47) . COX activity generates an unstable endoperoxide intermediate PGH 2 that is finally converted to bioactive prostanoids, including PGE 2 , prostacyclin (PGI 2 ), PGF 2␣ , PGD 2 , and thromboxane A 2 , by distinct terminal synthases (16, 50) . To date, no studies are available to test the involvement of terminal synthases in the renal effect of lithium. Among terminal PG synthases, PGES specifically catalyzes the conversion of PGH 2 to PGE 2 . The present study is the first to demonstrate a role of mPGES-1 in lithium-induced NDI. As reported by the study of Rao et al. (47) , daily intraperitoneal injection of LiCl for 2 wk induced a marked increase in urine PGE 2 excretion and renal mPGES-1 expression that corresponds to increased urine volume in mice. Strikingly, mPGES-1 deletion nearly completely abolished the increases in urine PGE 2 and urine volume. These findings demonstrated that mPGES-1 nonredundantly contributed to lithium-induced NDI. Indeed, with the recent gene KO studies failing to prove PGE 2 synthase activities of mPGES-2 (18) and cPGES (31, 36) , mPGES-1 appears to represent the only enzymatic pathway capable of synthesizing PGE 2 in vivo. The magnitude of inhibition of lithium-induced polyuria and PGE 2 excretion in mPGES-1 KO mice was similar to that achieved by concomitant inhibition of COX-1 and COX-2 (47). Therefore, it seems reasonable to speculate that mPGES-1 may couple to both COX isoforms to mediate lithium-induced PGE 2 synthesis in the kidney. It is somewhat puzzling, however, that lithium treatment in rats induced a region-dependent reduction of COX-1, COX-2, and mPGES-1 despite increased urine PGE 2 excretion (27) . The difference in species is unlikely accountable since a recent study demonstrated a pathogenic role of COX-2 in lithium-induced NDI (24) in rats, as reported earlier in mice (47) . It seems possible that the discrepancy may be related to differences in experimental protocols, such as the dose or route of lithium administration. The primary target of PGE 2 in lithium-induced NDI appears to be AQP2. In this regard, the downregulation of renal AQP2 expression in lithium-treated ϩ/ϩ mice was confirmed at the protein and mRNA levels, and this downregulation was significantly attenuated in mPGES-1 KO mice. This finding is in agreement with the observation that a COX-2 inhibitor improved polyuria and restored renal AQP2 expression in lithium-treated rats (24) . In another NDI model induced by ureteral obstruction, COX-2 inhibitors exhibited similar effects (6, 43) . Moreover, evidence from a human study suggests an inverse relationship between urinary AQP2 excretion and local PGE 2 production in postobstructed kidneys (35) . In our NDI model, mPGES-1 deletion preserved the total abundance of renal AQP2 protein and mRNA. Thus PGE 2 regulation of AQP2 may occur primarily at the gene expression level although other studies suggested an influence of PGE 2 on AQP2 trafficking in several cell culture systems (38, 61) .
In response to lithium treatment, the changes in AQP2 protein appear to be more prominent than that in AQP2 mRNA. The dissociation between AQP2 protein and mRNA is particularly obvious in the cortex, where AQP2 protein was markedly suppressed by lithium, to a similar extent as in the inner medulla, contrasting to unchanged levels of renal cortical AQP2 mRNA. A similar phenomenon was also seen in the mouse model of acute water loading (51) . Together, these findings emphasize the importance of posttranscriptional regulation of AQP2.
Although the changes in AQP2 are considered to play a major role in the development of lithium-induced polyuria and the urine concentrating defect, other mechanisms may also be responsible. These mechanisms may involve the reduction of the medullary osmotic gradient as a result of the downregulation of Na ϩ and urea transporters (24, 26) . Indeed, renal expression of NKCC2, a key player responsible for generation of the medullary osmotic gradient, exhibited a similar pattern of changes as AQP2. The complexity is revealed by microarray and proteomic screening showing that lithium treatment altered renal medullary expression of a large number of transcripts and proteins, particularly those involved in cellular proliferation and cytoskeleton organization (7, 8, 25, 39, 48) . It remains elusive whether mPGES-1-derived PGE 2 influences cellular proliferation and cytoskeleton organization during lithiuminduced NDI and whether this effect is linked to the alteration in renal transporters.
Increased urinary cAMP excretion has been reported in lithium-induced NDI in rats with unclear functional implications (55) . The phenomenon cannot be explained with AVP; AVP-dependent renal generation of cAMP is impaired (4, 9, 10) or unaffected (30) in lithium-induced NDI. Other explanations include the increased production or action of parathyroid hormone, another important contributor of urinary cAMP excretion (55) . In the present study, the increased urinary cAMP excretion in lithium-treated ϩ/ϩ mice confirms the original observation in rats (55) . Interestingly, the increase was completely abolished in mPGES-1 Ϫ/Ϫ mice. Whatever the underlying mechanism, this finding substantiates the difference between the genotypes in the response to lithium treatment.
Based on the in vitro perfusion studies, PGE 2 is believed to play an important role in the regulation of CD function by antagonizing AVP-dependent water permeability and cAMP generation (11) (12) (13) (14) 54) . The availability of mPGES-1 KO mice provides a novel tool for assessing the role of endogenous PGE 2 in modulating the urine concentrating action of AVP. To our surprise, mPGES-1 deletion had no effect on the urine osmolality response to dDAVP infusion, arguing against the well-accepted concept that inhibition of the hydrosmotic action of AVP underlies the diuretic effect of PGE 2 . It should be pointed out, however, that the expected reduction of urine volume after dDAVP infusion was not observed in either genotype possibly due to the technical difficulty in accurately collecting the small amount of urine under basal or antidiuresis condition. Another possibility is that after 24 h of dDAVP infusion, the animals may be already in a steady state.
Perhaps the most exciting aspect of the present study may lie in the therapeutic implication concerning the development of mPGES-1 inhibition as a novel intervention for the NDI caused by lithium or other etiologies. Due to the cardiovascular consequences of COX-2 inhibitors, mPGES-1 is considered as a promising target for the development of the next generation of analgesic drugs. A selective mPGES-1 inhibitor, MF63, has recently been developed by Merck and is reported to block pain and inflammatory responses in guinea pig and knock-in mice expressing human mPGES-1 (59). Our results will prompt future evaluation of mPGES-1 inhibitors the in treatment of the NDI state.
